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Single potassium ion seeks open channel for transmembrane
travels: tales from the KcsA structure
Eric Gouaux
Potassium channels selectively catalyze potassium
transport across cell membranes. Over the past five
decades, a multitude of potassium channel models have
been proposed. The recent crystal structure determination
of the KcsA potassium channel confirms, corrects and
expands our understanding of a fundamental biological
catalyst, revealing the basis of exquisite selectivity and
near diffusion-limited throughput.
Address:  Department of Biochemistry and Molecular Biophysics,
Columbia University, 650 West 168th Street, New York, NY 10032,
USA.
E-mail:  jeg52@columbia.edu
Structure 15 October 1998, 6:1221–1226
http://biomednet.com/elecref/0969212600601221
© Current Biology Ltd ISSN 0969-2126
A requisite activity for the evolution and function of life
forms is the transport of ions across cell membranes. Trans-
membrane ionic currents are involved in processes that
range from the sensing of mechanical stimuli to the trans-
mission of electrical signals between nerve cells. Despite
the cardinal roles of ion channels in all forms of life, the
structural conquests sweeping through the families of
water-soluble proteins have left membrane proteins, such
as potassium channels, relatively untouched. One reason
for the recalcitrance of potassium channels to structural
analysis has been the difficulty in large-scale protein pro-
duction. When the cloning, expression and characterization
of the KcsA protein suggested that a bona fide bacterial
potassium channel had been discovered [1], KcsA was
culled from the channel herd and pursued by structural
biologists. The resulting foray into Pauling’s ‘dimensional
forest’ yielded the structure of the KcsA potassium channel
from Streptomyces lividans by X-ray crystallography [2].
The structure of the KcsA channel resolves the pore archi-
tecture of all known potassium channels, provides insight
into the mechanism by which K+ is selected over Na+ by a
factor of 104, and yields a structural understanding of the
basis for the near diffusion-limited throughput rates of 108
ions per second. Additional issues addressed by the KcsA
structure concern mechanisms of inhibition (blocking) and
regulation (gating or opening and closing) of the channel.
In terms of primary structure, the amino acid sequence of
the KcsA channel [1] bears a low-level, but significant,
amino acid identity to “vertebrate and invertebrate voltage-
dependent potassium channels, vertebrate inward rectifier
and calcium-activated potassium channels, potassium
channels from plants and bacteria, and cyclic nucleotide-
gated channels” [2]. A protein of 17.6 kDa,  KcsA is com-
posed of 160 residues containing two hydrophobic
segments of ~30 residues each. Thus, in terms of its
hydrophobicity profile the KcsA channel most closely
resembles the class of potassium channels that have two
membrane-spanning segments, rather than the group that
has six hydrophobic stretches. In modest contradiction to
the classification of KcsA on the basis of its hydrophobicity
profile, the amino acid sequence of KcsA is more closely
related to the sequences of eukaryotic channels with six
hydrophobic segments. In fact, the proposed pore region,
located between the two transmembrane regions, is quite
similar to the analogous section found in the Drosophila
(Shaker) and vertebrate voltage-gated K+ channels.
Structure determination
Crystallization of the KcsA protein employed a construct
in which the C-terminal ~30 residues were removed and
involved the use of lauryl dimethyl amine oxide (LDAO)
and low molecular weight polyethylene glycol (PEG). The
use of LDAO and PEG in crystal growth is reminiscent of
two landmarks in membrane protein crystallization: the
Rhodopseudomonas viridis photosynthetic reaction center
(LDAO) [3] and porin from Rhodobacter capsulatus (PEG)
[4]. The more general utility of LDAO and PEG mixtures
in membrane protein crystallization must await further
experiments. Unlike the reaction center and porin crys-
tals, however, the KcsA crystals diffract much more
weakly. The KcsA structure was determined to a nominal
resolution of 3.2 Å by multiple isomorphous replacement
and density modification. The relatively high R value
(0.28) suggests that the model is a modest approximation
to the information content of the diffraction pattern and
the similar Rfree value (0.29) may in part be due to the
presence of the fourfold axis of noncrystallographic sym-
metry [5]. Furthermore, the mean B values for mainchain
(90 Å2) and sidechain (110 Å2) atoms reflect the substan-
tial disorder in this C2 crystal form. An unorthodox
element of the refinement involved Fourier transforma-
tion of density attributed to ‘an ion cloud’ near the selec-
tivity filter as well as “other strong unmodeled density
present in solvent-flattened maps”, and inclusion of the
resulting terms in the refinement as partial structure
factors [2]. Nevertheless, the utilization of multiple single-
site mercury derivatives and noncrystallographic symme-
try in the phase determination, and the exploitation of
Rb+ and Cs+ as electron dense K+ analogs, combined with
superb agreement between the structure and functional
data, reinforce the conclusion that the structure is reliable.
Not withstanding the progress made to date, future crys-
tallographic studies at higher resolution will yield signifi-
cant dividends by resolving additional features, such as
carbonyl oxygens, permeant ions and solvent molecules.
Architecture
The KcsA channel is a tetramer [6,7], like all other known
potassium channels [8], and the subunits are related by a
fourfold axis of molecular symmetry around the central ion
conducting pore (as shown in Figures 1 and 2). The 97
residues built into the electron-density map (amino acids
23–119) comprise the two transmembrane helices, the pore
helix and the selectivity filter. At present, the function(s)
of the missing termini is (are) unclear. Flanking the two
~30 residue transmembrane α helices are two belts of aro-
matic residues, which are probably located at the juncture
of the water–lipid boundary (Figure 2). The architecture of
the channel is primarily defined by four inner helices,
which are described by Doyle et al. [2] in terms of an
‘inverted teepee’, and four outer helices. Located at the
imaginary ‘base’ of the teepee are the turrets, the pore
helices and four five-residue stretches that form the selec-
tivity filter. The four pore helices slot between the inner
helices at the base of the tepee and are oriented such that
the negative end of the helix dipole is directed towards
the intracellular end of the selectivity filter. The inner
helices face the transmembrane pore and the outer helices
face the lipid bilayer. In terms of orientation with respect
to the membrane plane, the outer helices are oriented
nearly perpendicular whereas the inner helices are tilted
by ~25°. Extensive contacts between the pore helices
provide the majority of the subunit–subunit interactions.
These contacts, as well as intrasubunit contacts, endow
the KcsA channel with stability in solutions of sodium
dodecyl sulfate (SDS), a property that certainly facilitated
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Figure 1
Stereoviews of the KcsA channel architecture.
(a) Ribbon representation of the tetramer,
viewed from the extracellular side, with each
subunit in a different color. A K+ ion drawn
with a radius of 2 Å is depicted as a green
sphere. (b) View parallel to the putative
membrane plane and perpendicular to the
view in (a). (The figure and legend were
adapted from [2] with permission.)
Permission to reproduce this figure in the
internet version of this paper was denied
expression, purification and crystallization. Site-directed
spin-labeling studies provide independent support for the
helix packing in the KcsA crystal structure [9].
When compared to the structures of other proteins that
form passive ion channels, such as the bacterial porins [10],
the KcsA structure is dramatically different. The channels
in the porins are formed by β strands that fold into closed β
barrel structures, the amino acid sequences of the porins
are significantly more polar, and even though many porins
are oligomers, each subunit forms an individual pore. Nev-
ertheless, it is interesting to note that in the KcsA channel
the narrowest portion of the channel is formed by a non-
canonical element of structure (a ‘loop’ for lack of a better
term) and in some of the porins, for example maltoporin, a
loop also forms a constriction in the transmembrane
channel [11–13]. Even though a parallel, four-stranded β
barrel with a shear number (S) of zero has a predicted
radius of 3.1 Å [14,15], which is similar to the measured
radius in the selectivity filter, the structure of the selectiv-
ity filter is more kinked and does not adopt a canonical β
conformation. Perhaps the structure of the selectivity filter
is not β-barrel-like because the carbonyl oxygens must be
available to bind to permeant ions and because a four-
stranded β barrel with S = 0 would be too strained. Indeed,
previously studied cyclically arranged parallel β sheets are
composed of many more β strands [16].
Catalysis and selectivity
The mechanisms by which potassium channels effectively
catalyze transmembrane ion flux while enforcing K+ selec-
tivity and a rapid throughput are revealed by scrutiny of
the KcsA structure. Inspection of the KcsA structure illu-
minates structural features and allows one to don the guise
of a potassium ion and embark on a trip through the
channel. Beginning from the intracellular side, ions enter a
large solvent-filled chamber that allows passage to nearly
the membrane center without requiring them to shed
bound water molecules (Figure 3). Although not discerned
from the crystal structure, electron spin resonance experi-
ments indicate that the pH-dependent gating of the
channel may occur near the intracellular entrance to the
pore [9]. With the negative end of the dipoles generated
by the four pore helices oriented towards the transmem-
brane channel and ‘focused’ near the entry to the selectiv-
ity filter, the resulting electrostatic forces help pay off the
free energy bill of moving a positive charge to the center
of a bilayer. In fact, the lining of the intracellular half of
the transmembrane channel is strikingly nonpolar, which
accounts for the binding of hydrophobic cations that can
block the ion channel [17]. MacKinnon and colleagues
suggest that although a polar surface might stabilize per-
meant ions within the membrane, a surface that could
make polar and ionic interactions with ions and accompa-
nying bound water molecules might reduce the rate of ion
flux [2]. Near the end of the solvent-filled vestibule, and
at the foci of the pore helices, Doyle et al. observed a sig-
nificant peak of electron density, which was interpreted as
one or more disordered ions poised near the intracellular
opening of the selectivity filter.
The selectively filter, which is a mere 12 Å in length,
has the seemingly impossible job of favoring K+ over
Na+ while not binding K+ so strongly as to diminish the
ion stream to a trickle (Figure 3). If one imagines that
the mainchain in the selectivity filter is like the stave of
a barrel, then the planes of the amide groups adopt
various orientations relative to the barrel surface —
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Figure 2
Orientation of KcsA in the cell membrane and
inverted teepee-like shape. (a) View of the
KcsA tetramer showing the 34 Å wide belt of
nonpolar surface that is predicted to interact
with the complementary portion of the
membrane. Aromatic residues located at the
polar–nonpolar boundary of the membrane
are drawn in black. (The figure and legend
were adapted from [2] with permission.) (b)
An inverted teepee.
Permission to reproduce this figure in the
internet version of this paper was denied
some with their carbonyl oxygens pointing more towards
the center of the barrel and some pointing more in the
direction of a tangent to the barrel surface. The carbonyl
oxygens, although not well defined in electron-density
maps at 3.2 Å resolution, are predicted to interact with
ions in the channel and to replace some of the bound
water molecules. In the current structure, it is not clear
how the hydrogen-bonding requirements of the main-
chain NH groups of the selectivity filter are satisfied,
particularly for Gly77. However, higher resolution dif-
fraction data may allow for the placement of the moder-
ately conserved Glu71 sidechain, which may interact
with the NH groups of Gly79 and Tyr78 (R MacKinnon,
personal communication). Presumably the interaction of
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Figure 3
Stereoviews of the KcsA channel and
selectivity filter. (a) Solvent-accessible surface
representation colored according to
electrostatic potential: from blue (positive) to
white (neutral) to red (negative). Below the
selectivity filter, the areas in yellow represent
solvent-accessible carbon atoms that define
the primarily nonpolor surface of the inner
vestibule. K+ ions are shown as green
spheres. (b) A stick representation of the
protein in which the red and black surface
defines the minimal radial distance from the
center of the channel to the van der Waals
surface of the protein. (c) View of the
selectivity filter with the protein in the same
orientation as in (a,b) and with the polypeptide
segment of the protomer closest to the viewer
removed. The residues that comprise the
selectivity filter signature sequence are shown
(Thr75-Val76-Gly77-Tyr78-Gly79) starting
from the bottom of the figure and running to
the top. Mainchain carbonyl oxygens are
directed towards the channel and interact
with the permeant ions (green spheres) and
the water molecule (red sphere); the
sidechains of valine and tyrosine project away
from the pore and pack in the interior of a
protomer, proximal to the pore helix. The K+
ions are located ~7.5 Å apart and the location
of the inner ion is blurred to indicate that it
might be in rapid equilibrium between two
closely spaced sites. (The figure and legend
were adapted from [2] with permission.)
Permission to reproduce this figure in the
internet version of this paper was denied
both the sidechain groups and the mainchain NH groups
are important to modulating the structure and dynamics
of the selectivity filter.
The proposed interaction of the carbonyl oxygens in the
selectivity filter with permeant ions bears resemblance to
the manner in which the cyclic peptide antibiotic valino-
mycin binds K+ [18]. Valinomycin, which shows a signifi-
cant preference for K+ over Na+, chelates bound K+
(Pauling radius 1.33 Å) via six mainchain carbonyl oxygens
organized in an approximate octahedral coordination
geometry. By contrast, the more weakly bound Na+, which
has a Pauling radius of 0.95 Å, only interacts with three of
the carbonyl oxygens, a water molecule and two oxygens
of the picrate counter ion [18]. In the KcsA channel, selec-
tivity of K+ over Na+ may occur in a similar manner, that
is, the smaller Na+ ion is only able to make some of the
requisite interactions with carbonyl oxygens in the selec-
tivity filter. As the filter is constrained in diameter, there is
insufficient space for water molecules to complete the
hydration of the Na+ ion, thus denying both the Na+ and
the carbonyl oxygens of the filter interacting partners. In
contrast to the proposed and visualized ion-carbonyl
oxygen interactions in the KcsA channel and in valino-
mycin, respectively, a recent structure of the ion-conduct-
ing peptide gramicidin A shows that the carbonyl oxygens
do not project into the channel and instead participate in
canonical β hydrogen bonding with mainchain NH
groups [19]. An NMR study of the membrane form of
gramicidin A also showed that Na+ binding does not cause
significant structure deformation of the sidechains or
backbone [20]. Perhaps these features of the gramicidin A
channel form part of the basis for the lack of monovalent
cation selectivity of gramicidin A [21].
MacKinnon and colleagues suggest that when a K+ ion
enters the selectivity filter, it “evidently dehydrates
(nearly completely)” [2]. If we continue the analogy
between the selectivity filter of the KcsA channel and
valinomycin, then we might expect that the ‘equatorial’
coordination sites of the permeant ion are taken up by
‘hydrating’ carbonyl oxygens in the filter region. The two
‘axial’ sites, however, may be occupied by bound water
molecules. In fact, a peak of electron density present in
the selectivity filter, between the two ion-binding sites,
was identified as a water molecule. Thus, one might
predict that accompanying the translocation of each K+ ion
is at least one water molecule and that a translocated K+
ion sheds approximately two-thirds of its immediate
hydration shell upon entering the selectivity filter.
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Figure 4
Schematic view of the KcsA channel located in a membrane bilayer.
MacKinnon and colleagues propose that the KcsA channel stabilizes
ions (green) in the bilayer center by surrounding them in a large
aqueous cavity (blue) and by favorable electrostatic interactions from
the judiciously oriented pore helices (the C-terminal and negative
dipole ends of the helices are colored red). (The figure and legend
were adapted from [2] with permission.)
Figure 5
Docking of agitoxin 2 and the KcsA channel.
(a) Molecular surface representation of the
KcsA extracellular surface and pore entrance
(left) and the interacting surface of agitoxin 2
(right). Residue pairs that are predicted to
interact on the basis of thermodynamic mutant
cycle analysis of Shaker K+ channel–agitoxin
2 complexes [23,24] and on the KcsA
channel are color-coded and labeled. The
highlighted residues on the extracellular surface
correspond to equivalent Shaker K+ residues,
which couple to the indicated agitoxin 2 amino
acids. (b) Docking of agitoxin 2 and the KcsA
triple mutant engineered to possess agitoxin 2
sensitivity. The sidechain colors match the
colored patches in (a). (The figure and legend
were adapted from [22] with permission.)
Permission to reproduce this
figure in the internet version of
this paper was denied
Permission to reproduce this figure in the
internet version of this paper was denied
If the selectivity filter functions, at least in part, by
binding K+ more strongly than Na+, how does the KcsA
channel, as well as other potassium channels, achieve a
flux of up to 108 ions per second? On the basis of the KcsA
structure, Doyle et al. propose that because there are two
ion-binding sites separated by ~7.5 Å in the selectivity
filter, occupancy of the second site sufficiently destabi-
lizes the system such that the attractive ion-selectivity
forces are balanced by the destabilizing ion–ion electrosta-
tic forces and conduction occurs [2]. Hence, the ions move
through the filter as formally uncompensated positive
charges and the binding of one cation necessarily partici-
pates in the translocation of the second. One would
predict that the rate of transport at very low ion concentra-
tions would slow and that the affinity of the selectivity
filter for K+ would increase.
Once the ion emerges from the selectivity filter, it
reaches the negatively charged extracellular surface,
which is shaped like a flower with the petals opening to
the extracellular solution (Figure 4). The negative poten-
tial serves to concentrate cations and the relatively large
surface exposed to aqueous solution may provide binding
sites for proteins or channel-blocking peptides. By
exploiting this extracellular solvent-exposed surface, the
structural equivalence between prokaryotic and eukary-
otic potassium channels was chemically derived in an
elegant series of experiments performed by MacKinnon
et al. In these experiments, KcsA was engineered to
possess binding sites for typically eukaryotic potassium
channel toxins [22]. Figure 5 shows the results of mol-
ecular modeling and thermodynamic mutant cycle analy-
ses, which predict the mode of agitoxin 2 binding to such
a ‘eukaryotized-mutant’ of the KcsA channel. The trans-
formation of KcsA to a protein that has canonical eukary-
otic toxin-binding sites not only reinforces the structural
isomorphism between the prokaryotic and eukaryotic
channels, but also provides an independent validation of
the structure.
Conclusions
The magnificent accomplishment of MacKinnon and
coworkers on the structure determination of the KcsA
channel heralds a new era for structural biology and for the
molecular study of ion channels. We finally have an
exceptional view into the heart of one of the most impor-
tant channels in biology. There can be no doubt that the
success of the KcsA structure determination foreshadows
the purification, crystallization and structure determina-
tion of voltage-gated and inward-rectifying potassium
channels. The convergence of bacterial sources of ion
channels and developments in membrane protein crystal-
lization strategies and bright synchrotron X-ray sources,
suggest that structural studies of membrane proteins have
reached a higher ground. 
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